Lipoic acid is an essential prosthetic group in several metabolic pathways. The biosynthetic pathway of protein lipoylation in Escherichia coli involves gene products of the lip operon. YbeD is a conserved bacterial protein located in the dacA-lipB intergenic region. Here, we report the nuclear magnetic resonance structure of YbeD from E. coli. The structure includes a ␤␣␤␤␣␤ fold with two ␣-helices on one side of a four-strand antiparallel ␤-sheet. The ␤2-␤3 loop shows the highest sequence conservation and is likely functionally important. The ␤-sheet surface contains a patch of conserved hydrophobic residues, suggesting a role in protein-protein interactions. YbeD shows striking structural homology to the regulatory domain from D-3-phosphoglycerate dehydrogenase, hinting at a role in the allosteric regulation of lipoic acid biosynthesis or the glycine cleavage system.
YbeD is a conserved protein in Escherichia coli located between the dacA gene, which encodes a D-alanyl-D-alanine carboxypeptidase involved in peptidoglycan biosynthesis, and the lip operon, which contains genes that are responsible for lipoic acid biosynthesis.
Lipoic acid (1,2-dithiolane-3-pentanoic acid) is a derivative of octanoic acid in which covalently linked sulfur atoms are at the C-6 and C-8 positions. It is an essential prosthetic group used in several metabolic pathways in most living organisms (26) . Lipoic acid is covalently attached to the lipoyl domain of certain enzymes via an amide linkage between its carboxylic acid moiety and the ε-amino group of a specific lysine of the lipoylated protein. The added lengths of the reactive lipoate moiety and the lysine side chain create a swinging arm that helps to transfer reaction intermediates between catalytic sites of multienzyme complexes (26) . The known E. coli enzymes that use lipoic acid as a prosthetic group include pyruvate and 2-oxoglutarate dehydrogenases (in glycolysis and the citric acid cycle), branched-chain keto acid dehydrogenases (in metabolism of valine, leucine, and isoleucine), and the glycine cleavage system (29, 33) . All are involved in oxidative metabolism.
There are two complementary pathways of protein lipoylation in E. coli (9) . The exogenous pathway utilizes extracellular lipoic acid scavenged from the environment. The enzyme lipoate-protein ligase (LplA) plays a key role in this pathway by using lipoic acid and ATP to lipoylate target proteins (22, 23) . The endogenous, biosynthetic pathway is less understood and involves gene products of the lip locus of E. coli. Octanoic acid is a fatty acid precursor of lipoic acid, but its direct conversion to lipoic acid has not been observed (34, 35) . Instead, the octanoyl moiety on acyl carrier protein of fatty acid synthesis (10) is converted to a lipoyl moiety by the enzyme lipoyl synthase (LipA) (20) . This enzyme has 36% sequence identity to biotin synthase (BioB) and is expected to insert sulfur atoms by a similar mechanism (8, 29) . The lipoyl moiety is then transferred from acyl carrier protein to the target enzyme by the lipoyl transferase LipB (11, 23) .
In early work on the lip operon workers identified a lipolyated protein that belongs to the glycine cleavage system (33) . The glycine cleavage system is thought to balance the cell's requirements for glycine and one-carbon units. It consists , and a one-carbon methylene group (12, 18) , which is used in synthesis of purines, histidine, methionine (17), and serine (28) . The glycine cleavage system and lipoic acid biosynthesis pathways cross talk via LipB, which lipoylates protein H (4). There are still unanswered questions concerning the catalytic mechanism of LipA and LipB in the endogenous lipoylation pathway and their enzymatic regulation. Some answers to these questions may come from studies of the two largely uncharacterized genes of the lip operon, ybeF and ybeD. Both gene products are conserved in bacterial species (32, 33) . YbeF is putatively identified as a LysR-type transcriptional regulator, because its N-terminal part contains a characteristic DNAbinding helix-turn-helix motif. ybeD in the dacA-lipB intergenic region encodes a conserved 9.8-kDa protein which has no sequence homology to any known protein family and remains enigmatic.
Here, we solved the nuclear magnetic resonance (NMR) structure of YbeD from E. coli and found that it has striking structural similarity to ACT domains, which are small-molecule binding domains often involved in allosteric regulation of amino acid and nucleoside metabolism.
MATERIALS AND METHODS
Protein expression and purification. YbeD was cloned into the NdeI and BamHI sites of a modified pET15b cloning vector (Novagen) containing a TEV protease cleavage site and a double stop codon downstream of the BamHI site. The N-terminally His 6 -tagged fusion protein was expressed in E. coli BL21-Gold(DE3) (Stratagene) and purified by immobilized metal affinity chromatography with an Ni 2ϩ -loaded chelating Sepharose column (Amersham Biosciences Gel filtration. The oligomeric state of the YbeD fusion protein was determined by gel filtration. The column (HiLoad 16/60 Superdex 75; Pharmacia Biotech) was calibrated with bovine serum albumin (molecular mass, 66 kDa; Sigma), carbonic anhydrase from bovine erythrocytes (29 kDa; Sigma), cytochrome c from horse heart (12.4 kDa; Sigma), and aprotinin from bovine lung (6.5 kDa; Sigma). All samples were run at a flow rate of 1 ml/min and room temperature in 50 mM Tris-500 mM NaCl (pH 7.5). YbeD eluted from the column at a predicted molecular mass of ϳ13 kDa, as expected for a monomer (molecular mass, 12.4 kDa).
NMR spectroscopy. NMR samples at a protein concentration of 1 mM were exchanged into 50 mM phosphate buffer containing 0.3 M NaCl and 0.1 mM sodium azide at pH 6.3. NMR experiments were performed at 303 K. Backbone and side chain NMR signal assignments of the YbeD fusion protein were determined by performing HNCA, CBCA(CO)NH, N 15 -edited three-dimensional (3D) NOESY, N 15 -edited 3D TOCSY, and two-dimensional (2D) homonuclear NOESY experiments with a Bruker DRX500 MHz spectrometer.
3 J H N-H ␣ coupling constants were obtained from an HNHA experiment (15) . NMR spectra were processed by using GIFA (27) and XWINNMR (Bruker Biospin) software and were analyzed with XEASY (3). Structure calculations. NOE restraints were obtained from 15 N-edited 3D NOESY and 2D homonuclear NOESY in D 2 O. The and torsion angles were derived from 3 J H N-H ␣ coupling constants and C ␣ , C ␤ , and H ␣ chemical shifts by using TALOS (5). Structures were calculated by using the CANDID module implemented in the program Cyana (7). 2D NOESY and 3D 15 N-NOESY spectra were used in the CANDID protocol to calibrate and assign NOE cross-peaks. The 20 lowest-energy structures obtained after seven cycles of calculations in Cyana were refined further by using standard protocols in Xplor-NIH (31), with the 15 lowest-energy structures comprising the final ensemble. On average, 6.9 constraints per residue in the YbeD structured region (Phe11 to Leu87) were used to calculate the YbeD structure. This relatively low number resulted from The superposition was done by using residues Phe11 to Leu87. (B) Ribbon representation of the YbeD structure generated with MOLSCRIPT (14) and Raster3D (19) . The N terminus (N-term), C terminus (C-term), and secondary-structure elements are indicated. (C) The structure of the ACT domain of D-3-phosphoglycerate dehydrogenase (PDB code 1PSD) is very similar to that of YbeD, as backbone superposition of 48 residues resulted in 1.9-Å root-mean-square deviation.
FIG. 2. Surface distribution of charged (A), hydrophobic (B)
, and conserved (C) residues on two distinct faces of YbeD. While the ␣-helical surface is enriched with charged residues, the ␤-sheet side is mostly hydrophobic and may mediate protein-protein interactions. Positively charged residues are blue, negatively charged residues are red, hydrophobic residues are green, and conserved residues are purple. The view on the right is identical to that in Fig. 1 . The figure was generated with GRASP (24). 
RESULTS AND DISCUSSION
The structure of YbeD (Fig. 1) includes a four-strand antiparallel ␤-sheet and two parallel ␣-helices on one side. The hydrophobic core is formed by Phe15, Tyr17, Val19, Leu27, Val28, Val31, Val32, Val34, Val35, Pro45, Val47, Val58, Ile60, Ile62, Val70, Leu73, Tyr74, and Val86. The surface charge distribution identifies two distinct regions (Fig. 2A) . The ␣-helical side of the protein is highly charged with a distinct negative patch formed by Glu26, Asp29, Glu33, and Glu76. In contrast, the opposite ␤-sheet surface is largely uncharged and contains a cluster of exposed hydrophobic amino acids (Met20, Val83, Met85, and Leu87) (Fig. 2B) . YbeD residues 1 to 9 did not show any long-range NOEs with other parts of the protein and appear to be mobile.
A sequence alignment for the YbeD family was used to identify functionally important residues (Fig. 3A) . While the most conserved residues within the secondary structure regions play a structural role as part of the hydrophobic core, conservation of the exposed hydrophobic residues on the ␤-sheet surface suggests functional importance. Interestingly, the loop between the ␤2 and ␤3 strands is one of the most conserved regions of YbeD (Fig. 2C ) and includes an invariant serine residue and almost invariant glycine. In addition to bacteria, a YbeD-like sequence is present in the C-terminal domain of a conserved plant protein found in Arabidopsis thaliana (gi: 18396311) and Oryza sativa (gi: 38347226). Unfortunately, the protein does not exhibit any significant sequence identity to known proteins and thus does not help identify the function of its YbeD-like C-terminal domain.
A structural homology search with YbeD by using the DALI server (http://www.ebi.ac.uk/dali) resulted in multiple hits corresponding to a wide variety of domains with RNA-binding, enzymatic, and regulatory functions. This reflects an ancient origin and the intrinsic stability of the ␤␣␤␤␣␤ fold, which is utilized in various contexts and activities. We can confidently exclude the possibility that YbeD is an RNA-binding protein, since it does not contain RNA recognition motifs and the patches of positively charged and aromatic residues that are characteristic of oligonucleotide-binding domains. Among all the DALI hits, the regulatory domain from D-3-phosphoglycerate dehydrogenase (SerA) showed the highest Z-score, 6.1 (Fig. 1C) . This domain belongs to a class of small-moleculebinding modules termed ACT (aspartokinase, chorismate mutase, and TyrA) (2) domains. These domains are often involved in allosteric regulation (negative feedback) of amino acids and nucleoside metabolism. They usually occur in multidomain enzymes or transcription factors and also as stand-alone modules. In particular, SerA catalyzes the first step in serine biosynthesis and contains catalytic and regulatory domains connected via a flexible hinge region (30) . When the serine effector molecule binds the YbeD-like regulatory domain, an interdomain rearrangement causes down-regulation of catalytic activity (6) . The ACT domains bind ligands on the homodimeric interface of the ␤1-␣1 loop (1, 6), which is reflected in the significant sequence conservation in this loop. YbeD shows highest sequence conservation in the ␤2-␤3 loop, which makes this loop the most likely binding site for any potential effector. This loop is not well structured, as indicated by weak or missing NMR signals, but it may adopt a more rigid conformation upon substrate binding.
Gene organization in E. coli is characterized by the clustering of genes involved in specific pathways. Based on this, YbeD function is likely to be coupled with the function of proteins from the lip locus and, in particular, with LipB function. This suggests two main possibilities for YbeD function. One is allosteric regulation of lipoic acid biosynthesis. In this scenario, YbeD might bind lipoic acid and down-regulate intracellular lipoic acid biosynthesis. An E. coli strain with a transposon insertion mutation in ybeD did not require a lipoic acid supplement for normal growth (33) , but this does not rule out a possible role for YbeD as a negative regulator. Another plausible function of YbeD is in negative regulation of the glycine cleavage system via suppression of protein H lipoylation by LipB. In either case, YbeD would have to interact with a targeted enzyme or DNA-binding domain, and the conserved hydrophobic patch on the ␤-sheet surface is a possible proteinprotein interaction site.
Structural proteomics is developing into a powerful tool for identification of the functions of previously unknown proteins. In the case of YbeD, the striking structural similarity to the regulatory domain of SerA suggests that YbeD is a regulatory protein. The structure opens new perspectives for further studies on YbeD and proteins encoded by the lip operon.
